This paper describes the use of an ultrasonic imaging technique (Locadiff) for the Non-Destructive Testing & Evaluation of a concrete structure. By combining coda wave interferometry and a sensitivity kernel for diffuse waves, Locadiff can monitor the elastic and structural properties of a heterogeneous material with a high sensitivity, and can map changes of these properties over time when a perturbation occurs in the bulk of the material. The applicability of the technique to life-size concrete structures is demonstrated through the monitoring of a 15-ton reinforced concrete beam subject to a four-point bending test causing cracking. The experimental results show that Locadiff achieved to (1) detect and locate the cracking zones in the core of the concrete beam at an early stage by mapping the changes in the concrete's micro-structure; (2) monitor the internal stress level in both temporal and spatial domains by mapping the variation in velocity caused by the acoustoelastic effect. The mechanical behavior of the concrete structure is also studied using conventional techniques such as acoustic emission, vibrating wire extensometers, and digital image correlation. The performances of the Locadiff technique in the detection of early stage cracking are assessed and discussed.
I. INTRODUCTION
Concrete has been extensively used for two centuries in civil engineering, and it is now the most widely used manmade material in the world. For the sake of both safety and economy, methods to predict how concrete structures will perform in the long-term (e.g., decades) are in great demand. Due to the brittle nature of concrete, its structural failure is usually initiated by cracking or micro-cracking at early stages. Mechanical overload is one of the most frequently evoked reasons for concrete damage. Cracks can be initiated by a mechanical stress excess, even if this stress is confined to a restricted area. If such stress-overload continues, cracks will keep forming and/or further extending, which might lead to excessive damage, or even to a mechanical collapse of the structure. Crack monitoring is crucial to ensure longterm serviceability. 1 In current engineering practice, such monitoring is achieved by measuring crack's openings regularly at the surface using optical measurements or extensometers. Based on these observations, it is now known that internal damage can lead to leakage or corrosion on large walls, even when only limited cracks are visible at the surface. Hence, it is essential to be able to assess and monitor cracking in reinforced concrete constructions at an early stage, particularly in special constructions where durability and confinement can be significant issues. For these reasons, Non-Destructive Testing & Evaluation (NDT&E) of concrete has now two main objectives: detect cracks at an early stage and monitor the stress within the structures.
As they are non-destructive, non-hazardous, and naturally sensitive to elastic properties, ultrasonic waves can be used to characterize the mechanical properties of the materials and to detect damage therein. However, traditional ultrasonic NDT&E methods (e.g., impact echo or pulse echo) encounter difficulties when performed on concrete because of its high degree of heterogeneity. The heterogeneities contained in this multi-composite material (e.g., grains of sand, porosities, aggregate stones, and reinforcing steel bars) can range in size from micrometers to centimeters, and can cause multiple scattering effects during the propagation of ultrasonic waves. [2] [3] [4] [5] [6] As a consequence, the energy of ultrasonic waves is strongly attenuated in its incident direction, and mostly diffused into the medium through apparently random trajectories. These features are known to significantly affect the performance of traditional ultrasonic NDT&E methods.
Because of these effects, traditional methods usually avoid frequency ranges that cause multiple scattering effects (in general, above 100 kHz) and thereby discard diffuse signals having a noise-like appearance. However, multiple scattered waves (coda waves) are not noise. On the contrary, they result from deterministic and reproducible wave phenomena, i.e., scattering. Studies of coda waves in various fields-including optics, geophysics, and acoustics-not only show that they contain detailed information about the internal structures of a material, but also demonstrate their high sensitivity to perturbations of the propagation medium as a function of time. [7] [8] [9] [10] The term coda was initially used in geophysics, 7, 11 where it designated the long-lasting wave trains observed after direct or refracted seismic waves, and it is now also being adopted by the NDT&E community. Since the first description of coda waves, progress has been made in using diffuse ultrasound for NDT&E purposes in concrete: for crack characterization, [12] [13] [14] damage assessment, [15] [16] [17] [18] and defect localization. 19 Based on the technique called Locadiff, 20, 21 an imaging procedure has been developed. The performance of this technique was assessed through numerical studies 21 and also applied to seismological data-sets. 22, 23 In this paper, we present an application of the Locadiff imaging procedure to the monitoring of a 15-tons concrete beam subject to a fourpoint bending load. The experimental results indicate that with the Locadiff technique, it is possible to (1) image the change of internal stress at each step of the loading procedure (time-lapse imaging); (2) detect and locate the structural changes, particularly cracks appearing simultaneously at different locations. These results are obtained by monitoring a massive reinforced concrete beam using only a limited number of ultrasonic transducers placed on a single face (the upper side) of the beam.
II. EXPERIMENTAL SETUP

A. Specimen description and loading procedure
To assess the performance of the diffuse ultrasonic Locadiff technique, a specimen from the French national research project CEOS.fr (behavior and assessment of special reinforced concrete works-cracking and shrinkage) is monitored. 24, 25 The specimen selected is a life-size reinforced concrete beam (1.6 m Â 6.1 m Â 0.8 m) weighing 15 tons. After casting, it was freely cured for about four weeks, slightly protected from excessive exposure to weather effects. This beam is made with C50/60 grade concrete and 16 HA32 reinforcement bars. The reinforcement ratio is about 1%, which is representative of this type of reinforced concrete structure. The cement used was a CEM I 52.5 N CE CP2 NF produced by CCB Group at its Gaurain plant (Gaurain-Ramecroix, Belgium). Four cylindrical cavities passing through the beam were realized by placing PVC pipes in the specimen during casting, these cavities are representative of inclusion of prestressing cable ducts. The presence of these cavities is used to assess the influence of prestressing cable inclusion during mechanical loading.
The beam is fixed onto a bench by four prestressing bars passing through the test bench and the beam itself (schematic view in Fig. 1 ). Using two series of vertical actuators placed beneath the lower face of the beam, the concrete beam undergoes a four-point bending load. The loading level, controlled through the applied force, was increased step-by-step with an increment of $150 kN (Fig. 2) . Before the actual four-point bending test, a first round of two loading steps (loading step numbered as À1 and À2 in Fig. 2 ) is carried out to firmly fix the beam onto the bench. The maximal level of applied force during these two loading steps is 300 kN. Then, the bending test is conducted step-by-step up to around 2500 kN, which is above the serviceability stage. During the test, multiparameter monitoring was conducted. Strain is measured continuously inside the beam using vibrating wire extensometers (VWE). With acoustic emissions (AE) sensors, a real-time monitoring of cracking is performed with one dimensional (1D) localization (along the Y-axis) by the Advitam company. For monitoring the initiation and propagation of cracks at the lateral sides of the beam, digital image correlation (DIC) photos are taken from one side of the beam and visual inspection is performed on the opposite side. According to Ruocci et al., 26 DIC method can detect new cracks with a precision of 0.05 mm from a threshold value of 0.1 mm. Acoustic emission, digital image correlation, and visual inspection are traditional methods for crack detection, their measurements are taken as references in further discussions.
B. Observation of cracking
The first macroscopic cracking was detected at loading step 4 (the applied force increased from 450 to 600 kN) by visual inspection and acoustic emission. Compared to the acoustic emission records obtained during loading step 3, not only was the number of acoustic emission events significantly increased, but also the positions of their origin were found to be highly localized at two positions (C1 and C2 on Fig. 3 ). At the end of loading step 4, the presence of cracks on the surface was confirmed by DIC. In general, the position of cracks along the Y-axis determined by acoustic emission match the DIC results. At end of the test, the exact location of cracks were taken from both sides of the beam and illustrated in Fig. 3 . Figure 3(a) is the result of visual inspection obtained from one side of the beam, and the two cracks formed at loading step 4 are noted as C1 and C2. Figure 3(b) is the DIC result obtained from the other side of the beam at the end of the test (total load of 2500 kN), the two initial cracks are again noted C1 and C2. For a given crack, the difference in location along the Y-axis indicates a slight asymmetry from one side to the other.
C. Ultrasonic coda wave acquisition
To perform ultrasonic measurements, 20 identical piezoelectric transducers are glued on the top of the beam. As illustrated in Fig. 1 , transducers are positioned approximately along three parallel lines (along the Y-axis): the eight transducers in the middle row serve as emitters, while the other 12 serve as receivers. As the sensitivity kernels can be calculated everywhere, there is no need of perfect regular spacing, such that operators can place the sensors at their own convenience, provided that transducers are distributed over the whole surface.
With these transducers, 96 coda signals were acquired at each loading step. They are the impulse responses corresponding to the 96 source-receiver (s-r) pairs and noted h(u), where u is the propagation time. Each h(u) is obtained by cross-correlating the received ultrasonic waveform with the emitted waveform, a 5-ms-long chirp signal with frequency increasing from 50 to 200 kHz. In order to obtain an adequate signal-to-noise ratio, the recorded waveform used for correlation is the average of 50 signals recorded consecutively within 2 s.
In Table I , we report on the main values relating to the transport properties of ultrasound in our concrete specimen. The transport mean free path and transport mean free time are derived from the diffusivity constant, D, which is determined after fitting the envelope of the record with the diffusion equation [see Fig. 4(c) ]. c 0 is the effective velocity of the coda wave, which is approximated using the velocity of the P wave and the S wave in concrete 27 assuming that energy was equilibrated. 28 
III. DATA PROCESSING
A. Coda wave interferometry and coda wave decorrelation
We propose to use the coda wave interferometry (CWI) technique, previously used in rocks in 2002, 29 for NDT&E purposes in concrete. By comparing coda signals in order to detect tiny phase shifts, CWI monitors the change of propagation velocity within the medium as a consequence of, for instance, acousto-elasticity 4, 5, 18 or temperature fluctuation. 18, 30, 31 Based on the transport parameters (see Table I ), we select six time-windows [t k1 , t k2 ] in which to perform CWI and coda wave decorrelation (CWD) analysis. The beginning of the first time-window (t 1 ) is set to 400 ls to insure that the propagation time is much longer than the transport mean free time t* (cf. Table I ). The range of the time-window (t k2 À t k1 ) is set to 500 ls; it, therefore, contains several transport mean free times providing enough pieces of information to stabilize the measurements. The six time-windows consecutively overlap with a ratio of 50%. To make the method robust, 32 we choose to perform CWI analysis using the stretching method. 33 Experimental coda signals are noted h s,r,n (u) and the superscripts s, r, and n are, respectively, the indices of source, receiver, and loading step at which it is recorded. For each analysis, a signalto-test (a signal recorded at loading step n) is dilated/ compressed along the time axis at a ratio a i . Then it is compared to a reference signal (a signal recorded using the same source-receiver pair at a reference loading step, n ¼ 0 in this case) within time-windows ([t k1 , t k2 ]) indexed by subscripts k using Eq. (1),
We then perform a grid search of a i over a plausible range. The value of a i that maximizes the cross-correlation coefficient CC s,r,n,k (a i ) is taken as the apparent velocity variation a s,r,n,k . The corresponding remnant CWD coefficient DC s,r,n,k is calculated as DC s,r,n,k ¼ 1 À CC s,r,n,k (a s,r,n,k ). Results for both CWI and CWD are presented using dimensionless units (percentage) as both a s,r,n,k and DC s,r,n,k result from relative measurements: a is the relative velocity change and DC indicates the decorrelation level between waveforms (after velocity change compensation).
Thanks to acousto-elasticity in concrete, CWI can be used to monitor the change of internal stress in the concrete structure. As the exhibition of material's elastic nonlinearity, the acousto-elastic effect describes the variation in propagation velocity due to the modification of its stress level. 34, 35 Provided that cracks are not forming yet, changes in propagation velocity are expected to be proportional to changes in the state of stress. Previous studies showed that the apparent propagation velocity of coda waves in concrete increased under compressive stress 4, 16 and decreased under tensile stress. 18 This effect can be observed in concrete using traditional ultrasonic method, 36 but with CWI, its observation can be made at a much higher precision. 4, 37 B. Sensitivity kernel for diffuse waves Due to multiple scattering effects, coda waves propagate along long and disordered paths. Along these paths, coda waves can probe a large volume of the medium, including several visits (multiple scattering) at various reflectors. Therefore, coda signals-the superposition of coda waves arriving from different paths at the same time-can be very sensitive to minor perturbation of the medium. However, due to the complexity of the medium, we cannot pair each arrival time with a specific set of trajectories, which makes difficult locating the origin of the changes: coda waves yields to spatially averaged quantities.
Instead of trying to use the propagation path of each coda wave train, several authors 19, 20, 38 developed an alternative approach based on a statistical description of propagation through space and time. In particular, they introduced the sensitivity kernel K(a, b, t, x) to describe the probability that a wave train would pass through location x given that it was emitted at location a and recorded at location b after a total propagation time t,
In other words, for a wave train launched at a and received at b after a propagation time t, the sensitivity kernel K(a, b, t, x) describes the spatial density of time spent at location x. The probability for such a wave train to transit from a to b within time t is noted as I(a, b, t) in Eq. (2). In practice, this probability simply relates to the acoustic intensity of the wave. This sensitivity kernel is used to interpret the CWI and CWD values, with t chosen as the center of the corresponding experimental time-windows. Given the choice of timewindows in the late coda (t 1 ) t*), the acoustic intensity can be approximated by solving the diffusion equation. In an infinite 3D medium, the diffusion solution reads
where ja À bj is the distance between a and b and D is the diffusivity of the propagation medium (Table I ). In this study, we include reflections of acoustic energy at the boundaries by creating mirror images of the sources and receivers, and adding the associated terms, each of which corresponds to the solution in free space [Eq. (3) 
where X represents the propagation media. In the case of CWI, this model can be specified explicitly as
In the case of CWD, this model can be specified explicitly as
where c 0 is the effective velocity of the diffuse wave (see Table I ), t is the time in the coda at which the observation is made (center time of the corresponding time-window used in CWI and CWD analysis, see Sec. III A). The apparent velocity variation (d ¼ a) is considered to be the result of the relative change in local propagation velocity (dv/v)(x). The waveform distortion (d ¼ DC) is considered to be the result of the change in local micro-structure, as assessed by r(x), the spatial density of the effective scattering cross-section. Then, using this direct formulation, we build an inverse problem [41] [42] [43] to localize in 3D the values of relative velocity changes and changes in scattering cross-sections (or local micro-structure). For clarity, the details about the inversion procedure are presented in the Appendix.
IV. EXPERIMENTAL RESULTS
A. CWI and CWD results: General observations Figure 5 shows (a) the remnant decorrelation coefficient DC (from CWD) and (b) the apparent velocity variation a (from CWI), which were both obtained for the first 10 loading steps (loading step À2 to loading step 7). The results obtained at each loading step are represented by their average value (circle) and standard deviation (vertical bar). The 10 loading steps are divided into two phases separated by the formation of first macroscopic cracks at loading step 4 (Sec. II B):
• Phase 1 (loading step À2 to loading step 3): once the force has been applied (Fig. 2) , the apparent velocity a • Phase 2 (loading step 4 to loading step 7): the apparent velocity a does not significantly change in this phase, but its standard deviation increases significantly from 0.03% to 0.36%. The average DC increases sharply from under 7% to over 50% at loading step 4, then continues to rise at subsequent steps, reaching over 70% at loading step 7.
The standard deviation of DC also increases sharply at loading step 4 up to 25%, but then, it decreases progressively to 11% in subsequent steps.
Let us now try to interpret the physical meaning of such observations. In phase 1 (step À2 to 3), before any macroscopic cracking, the mechanical behavior of concrete is considered elastic. Therefore, the correlation between changes in average a and the applied force can be explained by the acousto-elastic effect: 35, 36, 44 negative values are associated to tensile stress, 18 whereas positive values are associated to compression. The increase in the standard deviation of a for loading steps 2 to 3 indicates a growing spatial heterogeneity of stress. The increase in average DC at this stage is mainly due to local deformation (differential strain).
In phase 2 (starting at step 4), macroscopic cracks develop (see Sec. II B) and change the inner structure of the concrete beam. The propagation of coda waves are strongly affected by these cracks, causing waveform distortion and eventually increasing the average DC values. This observation is consistent with previous results. 19, 40, 45 The inner structure changes are local and are limited to areas surrounding the macro-cracks. Their impact on coda signals are different depending on the position of the transducers relative to that of the cracks. Such spatial differences cause substantial increases in the standard deviation for DC at loading step 4. Then, as the applied force continued to increase in subsequent steps, cracks keep on developing. The changes in its inner structure are intensified everywhere, which explains the continuous rising of average DC. Meanwhile, as new cracks form almost everywhere in the beam (see Fig. 3 ), the DC values are now more homogeneously distributed, which results in a reduction in the standard deviation of DC.
Based on these first observations, we conclude that (1) CWI successfully tracks the stress evolution from step À2 to step 3 (phase 1) where it suggests an uneven distribution of stress; (2) CWD detects the macro-cracking at loading step 4 and identifies it as local changes in the inner structure. We next apply the Locadiff imaging procedure to both CWI (a) and CWD (DC) results to obtain the spatial distribution of the changes in ultrasonic velocity (thus, the local state of stress) and the micro-structure changes (local density of cracks) in the bulk of the structure, respectively. We pay special attention to stress changes and structural changes during phase 1 before the appearance of the macroscopic cracks.
B. Stress monitoring and imaging
The inversion procedure described in the Appendix is first applied to the apparent velocity variations: d ¼ a. Local velocity changes (dv/v)(x) are estimated at the center of every meshing cell (x). Given the symmetries of the mechanical setup, the velocity change caused by the acousto-elastic effect is assumed almost constant along the X-axis (see Fig. 1 ), we thus consider only the average value of (dv/v)(x) along X to produce a 2D image in the Y-Z plane. These velocity changes for loading steps 1 to 4 are mapped in Fig. 6 using a color-code: red indicates an increase in propagation velocity (compression), while blue indicates a decrease in velocity (traction). Based on the inverted model [(dv/v)(x)], a theoretical prediction of a is calculated using Eqs. (4) and (5) . Below each (dv/v)(x) map, the predicted a theo is shown together with the measured (observed) values a obs for comparison. The strong similarity between these two sets of values shows that the inverted model is consistent with experimental observations.
For a more quantitative estimation of the confidence of the final model (maps), we introduce the v 2 value as
where error refers to the experimental error when measuring a. A value much greater than unity means that the model does not fit the observed data properly, thus the model has no physical confidence. A value on the order of unity demonstrates that the model explains the observed data. A value much smaller than unity means, in general, that the error is overestimated. In the present experiment, we estimate the error from fluctuations for different acquisitions at the same loading step and for the same source-receiver couples, and also within the same time-windows. In practice the error is not constant but the relative error is about constant and on the order of 10%, in agreement with previous observations. 19, 21 The v 2 values remain around unity for all figures, demonstrating the physical significance of the maps.
Before macro-cracking (starting at loading step 4), the mechanical behavior of the concrete beam is considered elastic, which means that all changes in propagation velocity is expected to be fully explained by acousto-elasticity. The bending test expected from classical mechanics, including the effect of the two PVC inclusions: (1) In contrast, the (dv/v)(x) map for loading step 4 [ Fig.  6(d) ] shows a significant divergence from the expected stress distribution in a four-point bending test. The lack of velocity change in the middle (Y-axis) of the beam is due to the internal stress release after the first two macroscopic cracks (see Sec. IV C for their locations).
To further interpret the results, local relative velocity changes (dv/v)(x) and local strain measurements are quantitatively compared. The local strains are measured using three VWE sensors embedded in the bulk of the concrete beam (cf. Fig. 1 for their locations) . The changes in strain are plotted individually (Fig. 7) , together with the estimated local velocity change (dv/v)(x) at the same locations. Visually, the graphs appear to be proportional (except some outliers): compression causes compressive strain and increases the ultrasonic velocity. The same (dv/v)(x) are then plotted against VWE strain measurements in Fig. 8 together with the best-fit linear regression line (r 2 ¼ 0.87). This linear relationship observed between velocity change and strain variation agrees with the theory of acousto-elasticity for concrete.
An acousto-elastic coefficient for this concrete sample is derived from this linear regression as À7.4 Â 10 À3 (%/ micro-strain). This value is in the same order of magnitude as those obtained for concrete subjected to a single-axis compressive load. 5 Based on this relationship, provided that concrete remains in the elastic regime (before macro-cracking), it is possible to reconstruct the state of internal strain (or stress) in 3D in the bulk of the material using ultrasonic coda waves measured only from one side of the sample. This approach is of major interest for non-destructive on-site monitoring of concrete structures.
C. Crack monitoring and imaging
We now examine the results of the Locadiff imaging procedure applied to CWD measurements (d ¼ DC). Following the procedures described in Sec. III C and the Appendix, the inverted model m ¼ r(x) is obtained for loading steps 1 to 4. We also propose a model resolution analysis in supplemental material 50 that demonstrates that all the volume (except a limited portion of 30 cm at the two lateral sides) is properly imaged. Let us remind the reader that r(x) is the spatial density of changes in effective scattering cross-sections (in m 2 /m 3 ), which means that it measures changes in the local structure by assessing their impact on the propagation of ultrasound. In the case of concrete, these changes are mainly the broadening of existing cracks, 14, 40 the formation of new cracks, or the formation of diffuse damage (micro-cracking). Please note that the physical units (m 2 /m 3 ) can be interpreted as a density of 2D cracks in a 3D volume. Mechanical structural changes might also relate to thermal deformation and chemical reactions, but these latter effects are expected to be negligible in the present experiment.
Due to the symmetries of the mechanical setup (cf. Fig. 1 ), the formation and development of macroscopic cracks were considered to be a 2D problem in the Y-Z plane. We therefore average all cells holding a same position in the Y-Z plane, that is to say, we average r(x) along the X-axis. The resulting images are presented in Fig. 9 in the Y-Z plane using color scales. Below each r(x) map, a schematic comparison between the predicted and measured DC values is plotted. The theoretical prediction of DC is issued using the direct model [Eq. (6)]. As the predicted DC values are practically identical to the measured ones, the inversion result is consistent with experimental observation. This is also quantified by the v 2 values that are on the order of unity (in the case of CWD, we estimate a relative error on the order of 30%).
Let us now turn to the physical interpretation of the images. At the beginning of the loading procedure (steps 1 and 2), the inner structure of the concrete beam shows slight modifications around the two loading points (locations where forces are applied, indicated in Fig. 9(a) by up-arrows) . These changes can be interpreted in terms of concentration of local deformation: The relative position of aggregates is slightly modified by the non-homogeneously distribution of (Fig. 1) and local velocity change, (dv/ v)(x), at the same locations (squares) estimated using the Locadiff imaging procedure.
stress associated with this four-point bending test. With the increase of loading level, the average r(x) also increases from step 1 to step 2.
At loading step 3, although the maximal value of r(x) does not clearly increase, the change in structure is more widely distributed and no longer confined to the lower part of the beam. The changes are localized around the two future cracks that became visible at step 4 but which has not yet formed at step 3. The changes are concentrated in the upper part of the beam, around the PVC inclusions, 20-40 cm below the external surface. This localization result indicates that micro-cracking is initiated around these inclusions. Like the velocity change, which we can interpret as a change in the strain (or stress) experienced by concrete, the density of changes observed here (expressed in m 2 /m 3 equivalent) can be interpreted as early damage (a density of micro-cracks) that could have occurred in these areas. For mechanical purposes, these observations are crucial as they show that damage is initiated in the core of the beam near the inclusions.
At loading step 4, we observe an overall increase in the density of changes, r, which is spatially concentrated around two areas and reaches the upper side of the beam. This observation correlates with the formation of two macro-cracks [cf. Fig. 9(d) ]. These results are consistent with our earlier observations (Secs. II B, IV A, and IV B) and can be explained by the cracking induced by the four-point bending load.
Based on the r values obtained at loading step 4, we are able to locate the two cracks, in particular, their locations along the Y-axis. The formation of cracks at loading step 4 is detected by the increase in average DC [see cracks. The coordinates of these locations are listed in Table II along with those obtained from DIC for comparison. These results demonstrate that we can locate the cracks with a spatial resolution of a few centimeters, which also corresponds to the variability of cracks' position along the X-axis and within the bulk of the beam. The advantage of ultrasonic coda, compared to optical methods, is their sensitivity in the bulk of the material, thus, they can be used to image the formation of cracks in 3D in the bulk of a concrete structure.
V. CONCLUSION AND DISCUSSION
The application of CWI and CWD to ultrasound data were already shown to be suitable for NDT&E of concrete in previous articles. 4, 6, [16] [17] [18] 31 CWI and CWD were used to detect and monitor mechanical changes in the medium with a high sensitivity. In this study, we achieved a sensitivity of a fraction of 10 À4 in relative ultrasonic velocity change, which corresponds to an ability to detect microstrains (lm/m). A geometrical change as small as 10 cm 2 (2D crack) could also be detected by analyzing CWD data. However, standard CWI and CWD observations do not yield spatial information or cartography. When changes are non-homogeneously distributed throughout space, CWI and CWD observations might not be able to characterize the changes correctly.
We here used the kernels of diffuse waves to describe the spatial sensitivity of ultrasound to local elastic and structural changes, and we use the Locadiff imaging procedure to map these changes. This procedure made it possible to locate relative velocity changes (i.e., strain, in the elastic regime) and structural changes (such as the appearance of cracks or micro-damage) in 3D, in the bulk of a 15-ton concrete beam.
Under a four-point bending load, the ultrasonic velocity change in concrete results from the acousto-elastic effect. With an applied force that was increased step-by-step, two macroscopic cracks formed simultaneously at loading step 4 (see Sec. II). By recording and analyzing ultrasonic coda waves, both the stress evolution and the crack formation could be monitored directly through CWI and CWD results (see Sec. IV A). The Locadiff imaging procedure was applied to both CWI and CWD observations and provided access to the spatial distribution of local velocity changes (dv/v)(x) and the density of change in effective cross-section r(x), expressed in m 2 /m 3 .
• In line with the acousto-elastic effect in concrete, the (dv/v)(x) map represents the distribution of change in the local state of strain (thus, the local state of stress). Qualitatively, the (dv/v)(x) maps obtained agreed with the expected stress distribution upon applying a fourpoint bending load, with the exception of the localization of the stress field where cables were included. The influence of these inclusions was clearly illustrated by our imaging procedure. Then, through a quantitative comparison between (dv/v)(x) and local strain measured by vibrating wires extensometers, we were able to relate the change in ultrasonic velocity to the state of strain with an acousto-elastic coefficient of À7.4 Â 10 À3 (%/microstrain). Given the consistency between (dv/v)(x) estimation and strain measurement (cf. Figs. 7 and 8 ), we conclude that the internal state of strain was successfully mapped.
• The spatial density of structural changes, evaluated from the effective cross-section changes r(x), mapped the intensity of local changes (including geometrical changes, cracking and micro-cracking). This spatial density is expressed in m 2 /m 3 , and is readily interpreted as a density of cracks. Before cracking, small (but non-zero) values of r were observed, reflecting the non-homogeneous distribution of stress which slightly modified the geometrical relative positions of aggregates (scatterers). Once cracking had occurred, a significant increase in r was measured in the upper part of the beam, where cracks were expected to initiate. Based on the r results obtained for the upper part of the beam before the appearance of macroscopic cracks, we discovered that crack initiation (micro-cracking) was localized below the free surface, around PVC pipes that act as weakness points. The two areas where most structural changes (r) are localized correspond to the positions where the actual macro-cracks appear (see Fig. 10 and Table II ). Given the current spatial resolution ($16 cm, roughly the scattering mean free path), crack localization was considered to be successful.
The experimental results obtained in the present study demonstrate that the Locadiff imaging procedure is a practical on-site tool for NDT&E of concrete. Concrete is a complex material with a high degree of intrinsic heterogeneity. This heterogeneity was increased in the present study by the presence of reinforcement meshes, embedded sensors, and prestressing cable ducts. All of these heterogeneities, together with the large size of the structure (15 tons in total, 1.6 m Â 6.1 m Â 0.8 m) made imaging the mechanical changes a major challenge. As the structure was quite representative of real civil engineering structures, such an imaging test was also a great opportunity to assess the transferability of the Locadiff technique to industrial applications. In addition, the experimental results obtained in the present study highlight how early stage damage is initiated:
• The presence of cable ducts influences the spatial distribution of stress, with stress concentrating near the PVC pipes.
• Early damage seems to occur in the core of the beam in regions surrounding inclusions, before propagating to the upper free surface where two visible cracks formed.
Observations were made at very low stress, indicating that the Locadiff technique is capable of detecting early stage damage. Setting aside the heterogeneity of the material observed, which strongly restricts the performance of traditional ultrasound imaging techniques, the size of the structure alone was enough to be an issue. For traditional ultrasound imaging techniques, monitoring such a large area would either require a large number of transducers or be very time-consuming.
where std m is the a priori standard deviation of m; jx j Àx j 0 j is the distance between location of two cells, j and j 0 ; and L 0 and L c are regularization distances. L 0 is chosen as '*, the scattering mean free path, as it is the distance under which two defects will create overlapping diffusive sensitivity kernels and will be hardly separated. std m and L c can be selected using the L-curve method 23, 40 based on an optimal trade-off between the regularization of m and the quality of the fit that it provides with the data, d. C d is the covariance matrix for the experimental data, d. Assuming that each measurement of DC and a is independent, C d is a diagonal matrix filled with the variances of data, d, which is defined differently depending on which d is selected (a or DC).
• For CWD, d ¼ DC, C d is calculated using an empirical model, as proposed by Planès 48 where C di;i ¼0:3d i . • For CWI, d ¼ a, C di,i ¼ std a (i) 2 and the standard deviation std a (i) can be evaluated theoretically using the formulation reported by Weaver et al.: 
where f c is the center frequency of the coda signal and f D is the frequency bandwidth.
